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The ligand series 2-[1-(2,4-dibenzhydryl-6-methylphenylimino)ethyl]-6-[1-(arylimino)ethyl]pyridines
and the iron(Il) chloride complexes thereof have been synthesized and characterized by elemental and
spectroscopic analyses. The molecular structures of C1 and C2, determined by single-crystal X-ray
diffraction analysis, confirmed a pseudo-square-pyramidal geometry at the iron center. Upon treatment
with either MAO or MMAQO, all iron pre-catalysts possessed good thermo-stability and exhibited high
activities [up to 5.22 x 107 gmol~'(Fe)h~!] toward ethylene polymerization, producing highly linear
polyethylene products. Optimization of the reaction parameters gave polyethylenes with narrow
molecular weight distributions, indicating that single-site active species were formed; the molecular
weights of the resultant polyethylenes could also be controlled.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Since the initial research into the use of bis(aryliminoethyl)
pyridyliron(Il) dichlorides as pre-catalysts for ethylene polymeri-
zation during the late 1990s [1,2], there have been an enormous
numbers of such pre-catalysts reported, as illustrated by recent
review articles [3—12]. The literature has mostly focused on the use
of bis(aryliminoethyl)pyridyliron(Il) pre-catalysts through modi-
fying the substituents of the parent ligand framework [13—21], or
probing the catalytic intermediates with a view to establishing the
identity of the active species and elucidating reaction mechanisms
[22—30]. Moreover, new highly active iron pre-catalysts have been
achieved by successfully designing families of imino-heterocyclic
N-arenes, which can act as tridentate ligands [31—44] or biden-
tate ligands [45—47]. The deactivation of these catalytic systems
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and a preference for the formation of oligomers (or polyethylenes
with lower molecular weights) is commonly observed for late-
transition metal pre-catalysts at elevated reaction temperatures
[1,48—55]. In order to enhance the thermal stability of the iron pre-
catalysts, newly accessible iron complexes were developed through
the design of new ligands [40], and a particularly effective strategy
was achieved by employing bulky anilines within the bis(ar-
yliminoethyl)pyridyliron(II) pre-catalyst series [20,21]. An impor-
tant feature of these types of pre-catalysts is the generation of
single-site active species, thereby creating polymers with narrow
molecular weight distributions [1—12], however, this is often
accomplished without fully understanding the factors under-
pinning the behavior of the pre-catalysts and without complete
control over the reaction parameters. The unique property of the
polyethylene products obtained via the iron pre-catalysts is their
highly linear vinyl-feature [20,33—37,42], which is attracting
attention in terms of further functionalization (vinyl-poly-
ethylenes) for the production of a new generation of advanced
polymers [56—58]. With regard to industrial considerations, any
promising iron pre-catalysts would need to be able to act as single-
site active species in producing polyethylenes with a narrow
molecular weight distribution. Furthermore, suitable reaction
parameters are critically important to maintain the stability of the
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active species, in particular the operational parameters of ethylene
pressure and reaction temperature.

In our recent work on the variation of the unsymmetrical
bis(iminoethyl)pyridyliron type pre-catalysts, the catalytic system
achieved good thermo-stability and high activity in ethylene
polymerization in several cases, producing polyethylenes with
narrow molecular weight distributions (as low as 2.0) [20]. Beyond
overcoming the problems associated with the thermo-stability of
an active catalytic system, another demanding issue is the tailoring
of the polyethylene products in order to match the required
application [56—58]. Besides the reaction of two different anilines
with 2,6-diacetylpyridine to form a series of unsymmetrical bis(i-
minoethyl)pyridines [20], there are no reports dealing with
unsymmetrical bis(iminoethyl)pyridines derived from a bulky
unsymmetrical aniline and a second common aniline. As a conse-
quence, 2,4-dibenzhydryl-6-methylaniline was prepared and used
instead of 2,6-dibenzhydryl-4-methylaniline, and a series of 2-[1-
(2,4-dibenzhydryl-6-methylphenylimino)ethyl]-6-[ 1-(arylimino)
ethyl]pyridines and the iron dichloride complexes thereof were
synthesized and characterized. Upon variation of the reaction
parameters, polyethylenes with different molecular weights and
molecular weight distributions, particularly with quite narrow
molecular weight distributions, were obtained. Herein, the prepa-
ration and characterization of the title iron pre-catalysts are re-
ported, and the reaction parameters and resultant polyethylenes
are presented and discussed in detail.

2. Experimental
2.1. General considerations

All air- and/or moisture-sensitive operations were carried out in
an atmosphere of nitrogen using standard Schlenk techniques. The
solvents were purified and dried under nitrogen by conventional
methods prior to use unless otherwise stated. Methylaluminoxane
(a, 1.46 M solution in toluene) and modified methylaluminoxane
(MMAQO, 1.93 M in heptane, 3A) were purchased from Akzo Nobel
Corp. High-purity ethylene was purchased from Beijing Yanshan
Petrochemical Co. and used as received. Other reagents were
purchased from Aldrich, Acros, or local suppliers. NMR spectra were
recorded on Bruker DMX 400/600 MHz instrument at ambient
temperature using TMS as an internal standard. IR spectra were
recorded on a Perkin-Elmer System 2000 FT-IR spectrometer.
Elemental analysis was carried out using a Flash EA 1112 micro-
analyzer. Molecular weights and molecular weight distribution
(MWD) of polyethylenes were determined by a PL-GPC220 at
150 °C, with 1,2,4-trichlorobenzene as the solvent. DSC trace and
melting points of polyethylene were obtained from the second
scanning run on Perkin-Elmer DSC-7 at a heating rate of 10 °C/min.

2.2. Preparation of the ligands

2.2.1. Synthesis of 2-acetyl-6-(1-(2,4-dibenzhydryl-6-methylphenyl
imino)ethyl)-pyridine

A mixture of 24-dibenzhydryl-6-methylaniline (8.52 g,
20 mmol), 2,6-diacetylpyridine (3.26 g, 20 mmol) and a catalytic
amount of p-toluenesulfonic acid in toluene (150 mL) was refluxed
for 6 h. After solvent evaporation at reduced pressure, the crude
product was purified by silica-based column chromatography
(Vpetroleum ether:Vethyl acetate=30:1) to afford the yellow
product (44% yield). Mp: 134—136 °C. FT-IR (KBr, cm ™ !): 3024, 2919,
2160, 2030, 1977, 1702, 1642 (vc=n), 1493, 1466, 1365, 1235, 1118,
1076,1031, 819, 765, 739, 698 'H NMR (400 MHz, CDCl3, TMS): 6 8.45
(d, 1H, J=7.9Hz, -Py), 810 (d, 1H, J=3.8 Hz, -Py), 7.92 (t, 1H,
J=4.0Hz, -Py),7.24 (s, 1H, -Ph), 7.22 (s, 1H, -Ph), 7.20—7.14 (m, 5H,

-Ph), 7.10—7.06 (m, 8H, -Ph), 6.97 (d, 2H, J = 7.3 Hz, -Ph), 6.90 (d, 2H,
J=4.01Hz,-Ph),6.86(s,1H, -Ph), 6.61 (s, 1H, -Ph), 5.41 (s, 1H, —CH—),
5.37 (s, 1H, —CH—), 2.71(S, 3H, —CH3), 1.93 (S, 3H, —CH3), 1.57 (S, 3H,
—CH3). ®C NMR (100 MHz, CDCls, TMS): 6 200.3, 168.4, 155.6, 152.5,
145.9,143.5,142.7,137.3,133.2,129.9,129.6,129.5,128.9, 128.3,128.1,
126.2,126.1,124.6,122.6, 56.4, 52.5, 25.8, 18.1, 16.5.

2.2.2. 2-(1-(2,4-dibenzhydryl-6-methylphenylimino )ethyl)-6-(1-(2,
6-imethylphenylimino )ethyl)pyridine (L1)

A solution of 2-acetyl-6-(1-(2,6-diphenylmethyl-4-methyl
imino)ethyl)pyridine (1.14 g, 2.0 mmol), 2,6-dimethylaniline (0.24,
2.0 mmol) and a catalytic amount of p-toluenesulfonic acid in
toluene (50 mL) was mixed and refluxed for 3 h. The solution was
evaporated at reduced pressure. The residual solids were further
purified by alumina-based column chromatography (Vpetroleum
ether:Vethyl acetate = 50:1) to afford yellow L1 (20.5% yield). Mp:
203—204 °C. FT-IR (KBr, cm™'): 3061, 3023,2917, 2162, 2027, 1979,
1640 (vc=n), 1494, 1467, 1367, 1237, 1125, 1077, 818, 765, 739, 700.
TH NMR (400 MHz, CDCl3, TMS): 6 8.43 (d, 1H, J = 7.7 Hz, -Py), 8.35
(d, 1H,J=7.8 Hz, -Py), 7.88 (t, 1H, J= 7.80 Hz, -Py), 7.25-7.22 (m,4H,
-Ph), 717—7.15 (m, 5H, -Ph), 7.09—7.06 (m, 9H, -Ph), 6.99—6.96 (m,
2H, -Ph), 6.94—6.91 (m, 2H, -Ph), 6.86 (s, 1H, -Ph), 6.62 (s, 1H, -Ph),
5.41 (s, 2H, —CH-), 2.16 (s, 3H, —CH3), 2.08 (s, 3H, —CH3), 2.03 (s,
3H, —CH3), 1.94 (s, 3H, —CH3), 1.61 (s, 3H, —CH3). >*C NMR (100 MHz,
CDCl3, TMS): 6 168.9, 167.4, 155.2, 155.0, 148.9, 146.7, 143.6, 142.9,
138.1, 136.8, 133.2, 130.0, 129.5, 129.0, 128.2, 126.2 126.1, 125.6,
123.2,122.3,122.2, 56.5, 21.4, 18.1, 16.7, 17.0, 16.6.

2.2.3. 2-(1-(2,4-dibenzhydryl-6-methylphenyimino )ethyl)-6-(1-(2,
6-diethylphenylimino )ethyl)pyridine (L2)

Using the same procedure as for the synthesis of L1, L2 was
obtained as a yellow powder in 19.1% yield. Mp: 203—204 °C. FT-IR
(KBr, cm™1): 3058, 3027, 2960, 2928, 2162, 2033, 1980, 1638 (vc=N),
1494, 1450, 1363, 1245, 1120, 1078, 761, 698. 'H NMR (400 MHz,
CDCls, TMS): 6 8.42 (d, 1H, J= 7.8 Hz, -Py), 8.35 (d, 1H, J=7.9 Hz,
-Py), 7.89 (t, 1H, J = 7.7 Hz, -Py), 7.25—7.22 (m, 6H, -Ph), 7.17—7.14
(m, 4H, -Ph), 710—7.02 (m, 10H, -Ph), 6.99—6.96 (m, 2H, -Ph),
6.94—-6.91 (m, 2H, -Ph), 6.86 (s, 1H, -Ph), 6.62 (s, 1H, -Ph), 5.41 (s,
2H, —CH-), 2.48—2.28 (m, 4H, —CH—), 2.17 (s, 3H, —CH3), 1.95 (s,
3H, —CH3), 1.61 (s, 3H, —CH3), 1.18 (t, 3H, J=7.52 Hz, —CH3), 1.13 (t,
3H, J=7.49 Hz, —CH3). '*C NMR (100 MHz, CDCls, TMS): 6 168.9,
167.1, 155.3, 155.2, 148.0, 146.7, 143.6, 142.9, 136.9, 133.2, 131.3,
130.0, 129.5, 129.0, 128.3, 128.1, 126.2, 126.1, 125.2, 123.5, 122.3,
122.02, 52.4, 24.8, 24.7,18.2, 16.9, 13.9.

2.24. 2-(1-(2,4-dibenzhydryl-6-methylphenyimino Jethyl)-6-(1-
(2,6-diisopropyl-phenylimino Jethyl )pyridine (L3)

Using the same procedure as for the synthesis of L1, L3 was ob-
tained as ayellow powderin 22.1%yield. Mp: 165—167 °C. FT-IR (KBr,
cm™1): 3066, 3021, 2966, 2901, 2017, 1967, 1642 (vc=x), 1492, 1453,
1361, 1238, 1122, 829, 762, 698. 'TH NMR (400 MHz, CDClz, TMS):
08.42(d, 1H, J= 8.0 Hz, -Py), 8.34 (d, 1H, ] = 4.0 Hz, -Py), 7.89 (t, 1H,
J=8.0Hz, -Py), 7.23 (d, 5H, J=4.0 Hz, -Ph), 7.17 (t, 6H, J =4.0 Hz,
-Ph), 7.12—7.06 (m, 8H, -Ph), 6.98 (d, 2H, ] = 4.0 Hz, -Ph), 6.92 (t, 2H,
J=4.0Hz, -Ph), 6.86 (s, 1H, -Ph), 6.62 (s, 1H, -Ph), 2.83—2.71 (m, 2H,
—CH-), 2.18 (s, 3H, —CH3), 1.95 (s, 3H, —CH3), 1.63 (s, 3H, —CH3), 1.19
(d, 6H, J=8.0 Hz, —CH3), 1.14 (d, 6H, J=6.8 Hz, —CH3). >*C NMR
(100 MHz, CDCl3, TMS): 6 168.9,167.1,155.3,155.2,146.7,146.6, 143.6,
142.9,136.9,135.9,133.2,131.7,130.0,129.5,129.0,128.1,126.2,126 1,
123.7,123.1,122.2,122.0, 52.4, 28.4, 23.4, 23.1,18.2,17.3, 16.1.

2.2.5. 2-(1-(2,4-dibenzhydryl-6-methylphenyimino )ethyl)-6-(1-
(2,4,6-trimethyl-phenylimino Jethyl)pyridine (L4)

Using the same procedure as for the synthesis of L1, L4 was ob-
tained as ayellow powder in 13.5% yield. Mp: 213—215 °C. FT-IR (KBr,
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cm™1): 3058, 3024, 2915, 2172, 2016, 1967, 1641 (vc=y), 1493, 1450,
1364,1214, 1120, 740, 698. "H NMR (400 MHz, CDCls, TMS): 6 8.44 (d,
1H,J = 7.8 Hz, -Py), 8.35 (d, 1H, ] = 7.8 Hz, -Py), 7.89 (t, 1H, ] = 7.8 Hz,
-Py), 7.27—7.24(m, 5H, -Ph), 7.20—7.15 (m, 5H, -Ph), 7.13—7.07 (m, 7H,
-Ph), 7.00 (d, 2H, ] = 7.5 Hz, -Ph), 6.94—6.90 (m, 4H, -Ph), 6.87 (s, 1H,
-Ph), 6.63 (s, 1H, -Ph), 5.43 (s, 2H, —CH—), 2.31 (s, 3H, —CH3), 2.17 (s,
3H, —CHs), 2.05 (s, 3H, —CH3), 2.01 (s, 3H, —CH3), 1.95 (s, 3H, —CHs),
1.62 (s, 3H, —CH3). 13C NMR (100 MHz, CDCl3, TMS): § 168.9, 167.6,
155.2,146.4,143.8,142.8,136.7,132.3,131.7,130.0, 129.6, 128.8, 128.7,
128.4,128.1,126.2, 1261, 125.4, 122.2, 52.4, 20.9, 18.0, 16.7, 16.5.

2.2.6. 2-(1-(2,4-dibenzhydryl-6-methylphenyimino )ethyl)-6-(1-
(2,6-diethyl-4-methylphenylimino ethyl)pyridine (L5)

Using the same procedure as for the synthesis of L1, L5 was
obtained as a yellow powder in 32.2% yield. Mp: 200—202 °C. FT-IR
(KBr, cm™1): 3060, 2963, 2929, 2870, 2158, 2030, 1967, 1644 (vc=y),
1494, 1452, 1366, 1211, 1121, 735, 699. 'H NMR (400 MHz, CDCls,
TMS): 6 8.41 (d, 1H, J= 7.8 Hz, -Py), 8.34 (d, 1H, ] = 7.8 Hz, -Py), 7.88
(t,1H,J = 7.8 Hz, -Py), 7.25—7.22 (m, 6H, -Ph), 7.19—7.15 (m, 4H, -Ph),
7.12—-7.07 (m, 7H, -Ph), 6.99 (s, 1H, -Ph), 6.97 (s, 1H, -Ph), 6.93 (s, 3H,
-Ph), 6.85 (s, 1H, -Ph), 6.62 (s, 1h, -Ph), 2.46—2.24 (m, 4H, —CH,—),
2.34 (s, 3H, —CH3), 2.16 (s, 3H, —CH3), 1.94 (s, 3H, —CH3), 1.61 (s, 3H,
—CH3), 116 (t, 3H, J = 7.4 Hz, —CH3), 1.1 (t, 3H, J = 7.5 Hz, —CH3). 13C
NMR (100 MHz, CDCl3, TMS): ¢ 170.1, 167.4, 155.2, 146.2, 143.8,
142.8, 136.7, 132.5, 132.3, 131.7, 130.0, 129.6, 128.8, 128.3, 1281,
126.8,126.2,126.1, 122.3, 121.9, 52.2, 24.7, 21.4, 21.1,17.0, 16.8, 14.0.

2.3. Synthesis of iron complexes (C1—C5)

The complexes C1—C5 were synthesized by the reaction of
FeCl,-4H,0 with the corresponding ligands in ethanol. A typical
synthetic procedure for C1 can be described as follows: The ligand
L1 (151 mg, 0.22 mmol) and FeCl,-4H,0 (79.5 mg, 0.20 mmol) were
added to a Schlenk tube, followed by the addition of freshly
distilled ethanol (5 mL) with rapid stirring at room temperature.
The solution turned blue immediately, and a blue precipitate was
formed. The reaction mixture was stirred for 8 h, and then the
precipitate was washed with diethyl ether (3 x 5 mL) and dried to
give the product as a blue powder in 88.7% yield. FT-IR (KBr, cm™~!):
3061, 3027, 2968, 2915, 2876, 2162, 2030, 1991, 1967, 1584 (vc=n),
1495, 1450, 1368, 1259, 1213,1032, 818, 770, 741, 702. Anal. Calcd for
CsyHaoCloFeNs (843): C, 74.11; H, 5.86; N, 4.99. Found: C, 74.01; H,
5.69; N, 5.12. Data for C2 are as follows. Yield: 75%. FT-IR (KBr,
cm™1): 3058, 3026, 2968, 2915, 2868, 2360,2342, 1961,1581 (vc=y),
1494, 1446, 1371, 1273, 1212, 1078, 1030, 803, 779, 750, 698. Anal.
Calcd for CspHg9CloFeNs (843): C, 74.11; H, 5.86; N, 4.99. Found: C,
74.01; H, 5.69; N, 5.12. Data for C3 are as follows. Yield: 85%. FT-IR
(KBr, cm~1): 3061, 3023, 2970, 2865, 2161, 2030, 2012, 1978, 1962,
1586 (vc=n), 1494, 1450, 1371, 1258, 1211, 1079, 1033, 783, 744, 700.
Anal. Caled for Cs4Hs3ClpFeNs (871): C, 74.48; H, 6.13; N, 4.83.
Found: C, 74.21; H, 6.03; N, 4.99. Data for C4 are as follows. Yield:
85.9%. FT-IR (KBr, cm~1): 3436, 3056, 3041, 3026, 2972, 2901, 2030,
1973, 1963, 1580 (vc=), 1494, 1445, 1368, 1219, 1077, 1066, 1037,
745, 698. Anal. Calcd for Cs1H47CloFeNs (829): C, 73.92; H, 5.72; N,
5.07. Found: C, 73.66; H, 5.42; N, 5.01. Data for C5 are as follows.
Yield: 78.5%. FT-IR (KBr, cm™!): 3062, 3028, 2967, 2867, 2030, 2006,
1976, 1962, 1580 (vc=n), 1494, 1447, 1370, 1271, 1216, 1078, 1034,
868, 806, 738, 703. Anal. Calcd for Cs3H51ClyFeNs (829): C, 74.30; H,
6.00; N, 4.90. Found: C, 73.98; H, 5.83; N, 5.12.

2.4. Procedures for ethylene polymerization
2.4.1. Ethylene polymerization at 1 atm of ethylene pressure

Ethylene polymerization at 1atm of ethylene pressure was
carried out as follows: The catalyst precursor was dissolved in

toluene in a Schlenk tube and the reaction solution was stirred at
1 atm of ethylene with the reaction temperature set as required.
The reaction was initiated by adding the desired amount of co-
catalyst. After the desired period of time, the reactor was cooled
in ice-water bath, and resultant reaction mixture was then
quenched with HCl—acidified ethanol (5%). The precipitated poly-
ethylene was filtered, washed with ethanol, dried in a vacuum at
60 °C until constant weight.

2.4.2. Ethylene polymerization at 10 atm of ethylene pressure

A stainless steel autoclave (250 mL) equipped with a mechanical
stirrer and a temperature controller was heated in vacuum at 80 °C
and recharged with ethylene three times, then cooled to room
temperature under ethylene atmosphere. A toluene solution con-
taining the iron complex was inserted to the reactor by syringe;
after adapting the reaction temperature as required, the required
amount of co-catalyst (with total 100 mL volume maintained
through adding toluene) was added, then the autoclave was
immediately pressurized to 10 atm and kept constant during the
reaction with feeding ethylene. After the required time, the
ethylene feed was stopped, and the autoclave was placed in
a water-ice bath for 1 h. The resultant mixture was poured into 10%
HCl—ethanol solution, and the polymer was collected and washed
with ethanol several times and dried under vacuum to constant
weight.

2.5. X-ray structure determination

Single-crystal X-ray diffraction for C1 and C2 was carried out on
a Rigaku R-AXIS Rapid IP diffractometer with graphite-
monochromated Mo Ko radiation (A=0.71073 A) at 173(2)K.
Intensities were corrected for Lorentz and polarization effects and
empirical absorption. The structures were solved by direct methods
and refined by full-matrix least-squares on F?. All hydrogen atoms
were placed in calculated positions. Structure solution and refine-
ment were performed by using the SHELXL-97 package [59]. Crystal
data and processing parameters for complexes C1 and C2 are
summarized in Table 1.

3. Results and discussion
3.1. Preparation and characterization of the iron complexes

Employing our previous procedure, but using 2,4-dibenzhydryl-
6-methyl  phenylamine instead of 2,6-dibenzhydryl-4-
methylphenylamine [20], a series of unsymmetrical 2-[1-(2,4-
dibenzhydryl-6-methylphenylimino)ethyl]-6-[1-(arylimino)ethyl]
pyridines was prepared in a two-step reaction (Scheme 1). Subse-
quent treatment with one equivalent of FeCl,-4H,0 in ethanol
afforded the corresponding iron dichloride complexes in good
yields (Scheme 1). All organic compounds were characterized by
elemental analysis, FT-IR spectra and NMR spectroscopic
measurements, whilst the title iron complexes were characterized
by elemental analysis and FT-IR spectra, and the molecular struc-
tures of the complexes C1 and C2 were confirmed by single-crystal
X-ray diffraction.

Single crystals of the complexes C1 and C2 suitable for X-ray
diffraction analysis were obtained by slow diffusion of diethyl ether
into their dichloromethane solution under a nitrogen atmosphere.
The ORTEP drawings of complexes C1 and C2 are shown in Figs. 1
and 2, respectively, together with selected bond lengths and
angles. The coordination geometry of both complexes can be best
described as a pseudo-square-pyramidal geometry with three
nitrogen atoms N(1), N(2) and N(3) and one chlorine atom CI(1)
forming the basal square plane, with the iron atom lying out of the
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Table 1
Crystal data and structure refinement for C1 and C2.

c1 c2
CCDC No. 838017 838018
Empirical formula Cs0H45Cl;NsFe C104HggCl4NgFe,
Fw 814.64 1685.38
T (K) 173(2) 173(2)
Wavelength (A) 0.71073 0.71073
Cryst syst Triclinic Triclinic
Space group P-1 P24/c
a (A) 9.6322(19) 15.189(3)
b (A) 15.298(3) 33.893(7)
c(A) 16.352(5) 20.168(4)
a () 82.27(3) 90
8 (°) 83.38(3) 110.96 (3)
v (°) 77.02(3) 90
V (A3) 2317.7(8) 9696(3)
V4 2 4
D caled (mgm—3) 1.167 1.155
u (mm™1) 0.475 0.457
F(000) 852 3536
Cryst size (mm) 0.35 x 0.12 x 0.09 0.23 x 0.18 x 0.03
f range (°) 1.37-25.35 1.20—25.34
Limiting indices -7<h<11 —-16<h<18
No. of rflns collected 13,407 34,789

No. unique rflns [R(int)]

Completeness to 6 (%)

8355 (0.0754)
98.3%

17,557 (0.0620)
98.9%

Abs corr None None
Data/restraints/params 8355/0/505 17557/0/1047
Goodness of fit on F? 1.082 1.039

Final R indices [I > 2a(I)] R'=0.1138 R'=0.0991

R indices (all data) R'=0.1642 R'=0.1499

Largest diff peak and hole

(e A-3)

0.526 and —-0.513

0.830 and —-0.414

plane at 0.554 A for C1 and 0.674 A for C2 with the N(1)-Fe1-N(2)
angle as 73.22°(C1) and 72.53°(C2), N(2)-Fel-N(3) angle as
73.50°(C1) and 73.88°(C2). The Fe-N bond lengths were similar to
their analogous complexes, and were unexceptional [20].

X ‘ N
\ DBMph—NH, P
“ N
N p-TSOH \
o) o) toluene  pemp-N o
NH, Ph Nz
2 R1 R1
p-TsOH
Ph toluene
R2
Ph” Ph B
2,4-dibenzhydryl-6-methyl N R
benzenamine(°BMPh-NH,) N‘ N‘
DBMPh/
R’ R?
L1-L5

FeCI2-4HZOl EtOH

X
L1L2 L3 L4 L5 | _
N R!
C1C2C3 C4 C5 \ | \
R'|Me Et i-Pr Me Et DBMPh/N\/Fe\ N
RZ/H H H Me Me c’ Cly R2
C1-C5

Scheme 1. Synthesis of ligands (L1-L5) and iron complexes (C1—-C5).

Fig. 1. ORTEP drawing of complex C1 with thermal ellipsoids at 30% probability level.
Hydrogen atoms have been omitted for clarity. Selected bond length (°) and selected
bond angles (A): Fe(l) N(1) 2.230(6), Fe(1)-N(2) 2.086(5), Fe(1)-N(3) 2.256(5), Fe(1)-

CI(1) 2.263(2), Fe(1)-Cl(2) 2.319(2), N(1)-C(2) 1.274(9), N(1)-C(43) 1.438(8), N(2)-C(3)
1.341(9), N(2)-C(7 )1363( ), N(3)-C(8) 1.277(9), N(3)-C(10) 1.475(9), N(2)-Fe(1)-N(1)
732(2), N(2)-F () I(1) 143.39(18), N(3)-Fe(1)-Cl(1) 98.15(16), N(2)-Fe(1)-N(3)
73.5(2), N(1)-Fe(1)-N(3) 144.7(2), N(1)-Fe(1)-Cl(1) 101.59(17), N(2)-Fe(1)-Cl(2)
95.76(17), N(3)- Fe(]) Cl(2) 98.91(16), CI(1)-Fe(1)-Cl(2) 120.84(10), N(1)-Fe(1)-Cl(2)

95.64(17).

3.2. Ethylene polymerization

Various alkylaluminum reagents were screened as suitable co-
catalysts, and high activities for the title iron pre-catalysts were
observed when using the co-catalysts methylaluminoxane (MAO)
and modified methylaluminoxane (MMAO). The catalytic activities
of the iron pre-catalysts and the properties of the resultant poly-
ethylenes could be adapted by changing the reaction parameters
including ethylene pressure, molar ratio of aluminum to iron, and

Fig. 2. ORTEP drawing of complex €2 with thermal ellipsoids at 30% probability level
(two independent molecules are included, only one structure is listed). Hydrogen
atoms have been omitted for clarity. Selected bond length (°) and selected bond angles
(A): Fe(1)-N(1) 2.279(5), Fe(1)-N(2) 2.111(4), Fe(1)- N(3) 2.267(5), Fe(1)-CI(1) 2.290(2),
Fe(1)-CI(2) 2.2902 (19), N(1)-C(2) 1.266(7), N(1)-C(43) 1.464(7), N(2)-C(3) 1.331(7),
N(2)-C(7) 1.360(7), N(3)-C(8) 1.298(7), N(3)-C(10) 1440(7) N(2)-Fe(1)-N(1) 72.52(18),
N(2)-Fe(1 ) ( ) 121.0839(14), N(3)-Fe(1)-CI(1) 101.12(13), N(2)-Fe(1)-N(3) 73.89(17),
N(1)-Fe(1) ) 146.41(17), N(1)-Fe(1)-Cl(1) 96.78(13), N(2)-Fe(1)-Cl(2) 122.56(14),
N(3)-Fe(1 ) ( ) 98.82(14), Cl(1)-Fe(1)-Cl(2) 115.96(7), N(1)-Fe(1)-CI(2) 98.52(14).
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reaction temperature. With regard to the influence shown by
different co-catalysts, the discussion regarding ethylene polymer-
ization is divided into two parts, viz i) use of methylaluminoxane
(MAO) and ii) use of modified methylaluminoxane (MMAO).

3.2.1. Ethylene polymerization in the presence of the co-catalyst
MAO

The iron complex C5 was used to optimize the reaction condi-
tions and the parameters of ethylene pressure, the molar ratio of Al/
Fe, reaction temperature and the lifetime of the active species were
varied. The results are tabulated in Table 2.

Under an ambient pressure of ethylene with Al/Fe at 3000
(entries 1—3, Table 2), the catalytic activities were sensitive to the
reaction temperature with the optimum temperature observed as
40 °C (entry 2, Table 2). In addition, the polyethylene (PE) obtained
at 40 °C had a narrow molecular weight distribution, indicating the
promising property of these iron systems behaving as single-site
catalysts.

Inspired by previous observations of “higher ethylene pressure,
better catalytic activity” [20,42,60], the trials of various Al/Fe molar
ratios were conducted by employing an ethylene pressure of 10 atm
at 20 °C (entries 4—7, Table 2). Similar activities were observed on
changing the Al/Fe molar ratios, but the optimum activity was
achieved at Al/Fe 3000. DSC and GPC measurements of the resul-
tant polyethylene products were carried out, and the values of the
melting points and molecular weights were found to be quite
random. Upon closer inspection of the GPC curves of the resultant
polyethylenes (Fig. 3), it was observed that for the polyethylenes
obtained, the major portions were of high molecular weight and
the minor portions of low molecular weight at Al/Fe 1000, whilst
more polyethylenes with low molecular weights were produced on
increasing the molar ratio of Al/Fe (to 2000 and 3000).

The multi-modal polyethylenes formed were consistent with
multiple active centers operating [46, 61]. The GPC chart of the
polyethylene obtained at the molar ratio of Al/Fe 2000 (entry 5,
Table 2) can be separated into four curves [A with peak at M, = 238,
B with peak at M,, = 1023, C with peak at M,, = 23,575, and D with
peak at M,, =264,472, with respective intensities of A (12%), B
(32%),€C(32%), and D (24%)] (Fig. 4). These separated curves showed
four fractions of polyethylenes formed as tetra-modal features,
thought to be caused by at least four types of different active
species operating in the catalytic system. Although it was not the
most active system at Al/Fe 4000, the GPC curve of the resultant
polyethylene did show unique narrow molecular distribution. Such

__— Al/Fe=4000

Al/Fe=3000 - Al/Fe=1000

e
Al/Fe=2000

log Mw

Fig. 3. The GPC curves of the polyethylenes (entries 4—7, Table 2).

an observation indicated a possible promising way of re-
optimization of the reaction parameter for tuning the active
species.

On the basis that the most effective catalysis was observed at
10 atm ethylene and the Al/Fe 3000, under these conditions, vari-
ation of the reaction temperature was conducted up to 100 °C with
the pre-catalyst C5 (entries 6, 8—11, Table 2); the GPC curves of the
resultant polyethylenes are illustrated in Fig. 5. It was clear that
there were more polyethylenes with high molecular weights
produced at lower reaction temperatures (entry 6 at 20 °C, and
entry 8 at 40 °C, Table 2). Single-site species were achieved at
elevated reaction temperatures (entry 9 at 60 °C, and entry 10 at
80°C, Table 2) [20,46,62,63], however, further increasing the
reaction temperature induced the formation of multiple active
centers, and produced polyethylene products with the major
portion being of lower molecular weight (entry 11 at 100 °C,
Table 2). Accordingly, three sets of active species are promising
here, two sets of species at low reaction temperature produced, as
the major product, polymer with high molecular weight and minor
polymer with low molecular weight, and two sets of species at high
reaction temperature produced major polymer with low molecular
weight and minor polymer with ‘mid’ molecular weight, and the
likely single-site species operating around 60 °C and 80 °C formed
polymer with ‘mid’ molecular weight. The most effective catalysis
was conducted at 60 °C, and produced polyethylene products with

Table 2

Ethylene polymerization by C5/MAO.?
Entry Pressure (atm) Al/Fe T(°C) t (min) PE (g) Activity® M,S (kg mol™ 1) Myy[My, Tnd (°C)
1 1 3000 20 30 0.50 0.66 30.1 73 1224
2 1 3000 40 30 0.94 1.25 14 14 116.3
3 1 3000 60 30 Trace Trace — — —
4 10 1000 20 30 291 3.88 187.6 22.8 128.1
5 10 2000 20 30 2.95 3.94 127.0 88.6 126.3
6 10 3000 20 30 3.20 427 112.7 97.7 1239
7 10 4000 20 30 2.80 3.73 394 10.5 126.3
8 10 3000 40 30 11.76 15.7 43.6 14.0 128.1
9 10 3000 60 30 15.68 209 11.8 3.2 1271
10 10 3000 80 30 11.71 15.6 10.1 3.0 126.1
11 10 3000 100 30 0.46 6.13 3.9 7.3 117.3
12 10 3000 60 5 6.53 52.2 3.5 13 123.8
13 10 3000 60 10 10.54 42.2 4.6 13 126.1
14 10 3000 60 20 14.27 285 5.6 13 126.8
15 10 3000 60 60 21.87 14.6 4.0 9.3 129.1

General conditions: 1.5 pmol of Fe; 30 mL toluene for 1 atm ethylene, and 100 mL toluene for 10 atm ethylene.

a

> 10° g mol~!(Fe)h .
¢ Determined by GPC.
d Determined by DSC.
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Fig. 4. The tetra-modal feature of the polyethylene GPC curve (entry 5, Table 2).

log Mw

Fig. 5. The GPC curves of polyethylenes obtained at variant temperatures (°C) (entries
6, 8—11, Table 2).

10min

3.0 35 4.0
log Mw

Fig. 6. The GPC curves of the polyethylenes obtained at different reaction periods
(Entries 9 and 12—15, Table 2).

Table 3
Ethylene polymerization with C1-C5/MAO.?
Entry Cat. Act. M,< (kg mol~1) My [M,© T (°C)
1 C1 18.5 114 3.8 1263
2 c2 174 17.2 6.1 1274
3 c3 26.2 18.7 44 1284
4 Cc4 24.7 114 2.8 128.1
5 c5 209 11.8 32 1271

2 General conditions: 1.5 pumol of Fe; 3000 of Al/Fe; 100 mL toluene; 60 °C;
30 min.

> 10 gmol~'(Fe)h~".

¢ Determined by GPC.

4 Determined by DSC.

narrow molecular weights, indicating a single-site active species in
the catalytic system.

To understand the lifetime of the catalytic species, the catalytic
system of C5/MAO, under 10 atm ethylene and with Al/Fe 3000 at
60 °C, was quenched at different reaction periods (entries 9, 12—15,
Table 2). More polyethylene was formed on prolonging the reaction
time, however, the observed activities decreased, indicative of little
or no induction period. The catalytic activities sharply decreased
over 20—30 min (entries 13 and 14, Table 2), but the catalytic
species did remain active (entry 15, Table 2). The GPC curves of the
resultant polyethylenes indicated chain propagation and well
maintained single-site active species were present at 20 min,
however, multiple active centers formed on further prolonging the
reaction time, and this resulted in polyethylenes with wide
molecular weight distributions (Fig. 6). It could be imagined that
a second species formed from the decaying single-site active
species is operating during this catalysis.

Using the optimum reaction conditions of Al/Fe 3000 at 60 °C
over 30 min, all the iron pre-catalysts were investigated for their
ethylene polymerization capability, and it was found that they
showed extremely high activity (Table 3). The pre-catalyst (C2)
(entry 2, Table 3) with R! as ethyl group gave polyethylenes with
wider molecular weight distributions than polyethylenes produced
by the analogs C1 and C3 (entries 1 and 3, Table 3), possibly caused
by the flexibility of the rotation within the ethyl group. The pre-
catalysts C4 and C5 (entries 4 and 5, Table 3) having an additional
R? (methyl) group showed higher activities than did the analogs C1
and C2 (entries 1 and 2, Table 3), indicating a positive effect of an
addition methyl group in such ligands [64].

C1
C3
C5
C2
C4
L L 1 L 1 L 1 L ]
2 3 4 5 6
log MW

Fig. 7. The GPC curves of polyethylenes obtained by pre-catalysts C1—C5 (Table 3).
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Table 4

Catalytic results of ethylene polymerization with C1—C5/MMAO.?
Entry Cat. Cocat. Pres. Al[Fe T t PE Act.P My,* MM, T,d

(atm) (0 (min) (8) (kg-mol ™) (0

1 c5 MMAO 1 3000 20 30 0.46 0.61 11.8 18.4 122.6
2 c5 MMAO 1 3000 30 30 1.85 2.46 4.0 3.6 121.3
3 c5 MMAO 1 3000 40 30 1.64 2.19 1.2 1.2 88.8
4 c5 MMAO 1 3000 50 30 1.11 147 11 13 87.9
5 c5 MMAO 1 3000 60 30 032 0.43 0.6 1.2 719
6 c5 MMAO 10 1000 20 30 1.84 245 208.0 69.8 133.9
7 c5 MMAO 10 2000 20 30 4.01 5.34 215 12.2 125.8
8 c5 MMAO 10 3000 20 30 6.30 8.40 17.5 10.7 125.8
9 c5 MMAO 10 4000 20 30 3.63 4.84 4.6 39 118.9
10 c5 MMAO 10 3000 40 30 7.96 10.6 30.6 13.6 124.0
11 c5 MMAO 10 3000 60 30 14.27 19.0 10.8 3.5 125.8
12 c5 MMAO 10 3000 70 30 17.47 233 12.1 3.5 127.6
13 c5 MMAO 10 3000 80 30 4.65 6.20 2.5 14 116.0
14 Cc1 MMAO 10 3000 70 30 17.02 22.7 18.1 5.1 128.0
15 2 MMAO 10 3000 70 30 15.08 201 23.7 28.2 128.0
16 c3 MMAO 10 3000 70 30 14.98 20.0 13.9 4.5 126.3
17 C4 MMAO 10 3000 70 30 15.70 209 14.3 43 126.6

General conditions: 1.5 pmol of Fe; 30 mL toluene for 1 atm ethylene, and 100 mL toluene for 10 atm ethylene.

a

5 10° g mol~'(Fe)h~".
¢ Determined by GPC.
d Determined by DSC.

The melting points of the resultant polyethylenes, with close
values, indicated highly linear polyethylene products were formed.
The GPC curves of the resultant polyethylenes, with either narrow
or wide molecular weight distributions, showed only mono-modal
features (Fig. 7). Therefore, the newly developed iron pre-catalysts
are promising in producing (semi-)single-site active species and
potentially useful polyethylene materials.

3.2.2. Ethylene polymerization with the C1—C5/MMAO systems

All the iron pre-catalysts were also investigated using MMAQO as
the co-catalyst, and the results are tabulated in Table 4. Employing
the same procedures as for the catalytic system C5/MAO, the
influence of the reaction temperature on the activities of the C5/
MMAO system indicated the optimum value of 30°C under
ambient pressure (entries 1-5, Table 4). Under 10 atm ethylene,
results were consistent with an optimum Al/Fe ratio of 3000 for the
most effective polymerization (entry 8, Table 4), though on
changing of the molar ratios of Al/Fe (entries 6—9, Table 4), the
polymer molecular weight distribution more closely approached
that of single-site catalysis at Al/Fe 4000. The molecular weights of
the resultant polyethylenes gradually decreased on increasing the
Al/Fe molar ratios, consistent with the observation of enhanced
chain transfer to aluminum at the high Al/Fe molar ratio
[20,46,65—67]. In regard to the influence of the reaction tempera-
ture (entries 8 and 10—14, Table 4), the highest activity was ob-
tained at 70 °C (entry 12, Table 4), indicating enhanced thermo-
stability in the presence of MMAO than for that observed in the
presence of MAO. The polyethylene obtained at 80 °C was of low
molecular weight and quite narrow molecular weight distribution,
and moreover, the catalytic system gave very low activity.

Employing the optimum conditions, namely 10 atm ethylene at
70°C over 30 min, all the iron pre-catalysts showed very high
activities for ethylene polymerization (entries 12 and 14-17 in
Table 4). Again, pre-catalysts C4 and C5 (entries 12 and 17 in
Table 4) performed with slightly higher activities than did their
analogs C1 and C2 (entries 14 and 15 in Table 4). Affected by the
presence of bulky t-butyl group in MMAO, the catalytic activities
decreased in the order of C1 > C2 > C3 due to the steric bulkiness of
the ligands [8,34,35,68]. Comparison of the data in Tables 3 and 4,
indicates that the catalytic systems utilizing MMAO generally
showed lower activities and produced polyethylenes with lower

molecular weights than those employing MAO, which is consistent
with the observation of considering MMAO as a better chain
transfer agent [69]. (GPC curves of the polyethylenes obtained with
the co-catalyst MMAQO are given as supplementary material).

4. Conclusion

A series of iron(Il) complexes bearing bulky unsymmetrical 2,6-
bis(imino)pyridines was synthesized and fully characterized. All
pre-catalysts C1—C5 performed with very high activities for
ethylene polymerization at 60 °C in the presence of MAO, and at
70 °C in the presence of MMAO under 10 atm ethylene. The poly-
ethylenes obtained could be adaptable for multi-modal or mono-
modal features, and polyethylenes with quite narrow molecular
weight distributions were obtained. Moreover, the molecular
weights of the polyethylenes could be tuned from thousands to
hundreds of thousands. The reaction temperatures (60 °C and
70 °C) are heading toward those required for industrial operation,
and the resultant polyethylenes are promising in terms of further
functionalization and application.
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